In Brief
Understanding how signaling pathways operate is essential for network-based biotechnology and therapeutic approaches. Using the yeast HOG pathway as a model system, Stojanovski et al. show that altered interaction dynamics (association and dissociation rate constants) of the upstream Sln1-Ypd1 sensor cause basal pathway activation, gene expression, and impaired osmoadaptation.
Accession Numbers GSE94495
INTRODUCTION Cells respond to external signals through receptor activation, which in turn leads to the controlled spatiotemporal activation dynamics of subsequent signaling cascades (Stelling and Kholodenko, 2009; Kholodenko et al., 2010) . Because signaling cascades downstream of receptors are often re-used, elucidating mechanisms to achieve cell signaling dynamics and plasticity is of fundamental interest for unraveling molecular disease mechanisms and for controlling networks for biotechnology and therapeutic purposes (Chen et al., 2009; Mitchell et al., 2015; Behar et al., 2013 ). An important question in modeling signaling networks is to what extent accurate numbers for concentrations, affinities, and kinetic constants are important in order to quantitatively understand how a cell responds to an external signal and how this depends on the network topology (Kiel and Serrano, 2009; Kiel et al., 2013) .
The high-osmolarity glycerol (HOG) pathway, a prototypical mitogen-activated protein kinase (MAPK) pathway, in yeast serves to respond to changes in extracellular osmolarity, which is important for initiating adaptation responses and cell survival. The HOG pathway responds by activation of Hog1, a yeast homolog of p38 stress-activated protein kinase (SAPK) (de Nadal et al., 2002; Saito and Posas, 2012) . Hog1 then orchestrates a cellular response through its cytoplasmic and nuclear targets (Clotet et al., 2006; Saito and Posas, 2012; Hohmann et al., 2007) . The initial response to osmostress is to match environmental osmotic pressure through increasing levels of the compatible osmolyte glycerol by transient adjustment of metabolism and closure of the main aquaglyceroporin Fps1 (Dihazi et al., 2004; Luyten et al., 1995; Karlgren et al., 2004) . Activated Hog1 is also translocated to the nucleus, where it arrests cell cycle and induces transcription of osmo-responsive genes, which is vital for enduring osmotic adaptation by adjusting the metabolism toward increased glycerol production (Mettetal et al., 2008; de Nadal and Posas, 2015) . The HOG pathway in Saccharomyces cerevisiae consists of two branches, SLN1 and SHO1, which converge at the level of MAPKK Pbs2 (Brewster et al., 1993; Maeda et al., 1994 Maeda et al., , 1995 Posas and Saito, 1997) (Figure 1A) . The Sho1 and Sln1 branches of the HOG pathway display different dynamic responses, but both are fully active at 0.4 M sodium chloride (NaCl) and beyond. The final outcome of Hog1 activation is accomplished by the combination of the two branches as shown before (Maeda et al., 1995; Macia et al., 2009) .
The SLN1 osmosensor is a phosphorelay variant of the ubiquitous two-component system (Gao et al., 2007) and is composed of the membrane sensor Sln1, the histidine-containing phosphotransfer protein yeast peptone dextrose (Ypd)1, and the response regulator Ssk1, which in its unphosphorylated form
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Sln1 (RR domain) (D) Schematic overview of the phosphorelay structure as well as rate constants used in the mathematical model. (E) Interaction dynamics shape the unstressed behavior significantly. Basal activation of Ssk1 output (percentage of active Ssk1) of the phosphorelay after a buildup time in a non-stressed environment. In low K d regimens, increasing k on will lead to higher constitutive basal signaling until a certain threshold, where active Ssk1 levels decrease again because of the faster recycling of the phosphorylated Ypd1 pool via Sln1. The arrow indicates the regimen in which the experiments for the mutants with both increases in k on and k off are predicted to work, approximately. See also Table S1. activates the mitogen-activated protein kinase kinase kinases (MAPKKKs) Ssk2/22 (Posas et al., 1996; Horie et al., 2008) (Figure 1B) . Under normal osmotic environmental conditions, Sln1 is autophosphorylated at a histidine residue within its kinase domain. The phosphate group is then rapidly transferred in a His-Asp-His-Asp fashion to the receiver domain of Sln1, then to Ypd1, and finally to Ssk1 (Posas et al., 1996) . In response to hyperosmotic stress, the kinase activity of Sln1 is inhibited. Additionally, changes in intracellular ion and solute concentrations disrupt the stable complex between Ypd1 and phosphorylated Ssk1, promoting dephosphorylation of Ssk1 (Kaserer et al., 2009) . The buildup of unphosphorylated Ssk1 results in activation of MAPK; however, low levels of MAPK activation do persist even in steady-state conditions, because the Hog1 pathway is globally embedded into multiple parallel feedback loops (Macia et al., 2009; Sharifian et al., 2015) . However, there is no known strong negative feedback regulation that directly interferes with the interface formation of the Sln1-Ypd1-Ssk2 phosphorelay (Sharifian et al., 2015) . We have previously demonstrated the importance of negative feedback in diminishing the impact of kinetic rate constants by introducing compensating changes in both the k on and the k off rates (''kinetic perturbations'') in mammalian Ras-Raf complex mutants (Kiel and Serrano, 2009) .
Ypd1
To learn about how tightly controlled the sensing and signal transduction within this pathway operates, we engineered kinetic perturbations in the two upstream proteins of the HOG pathway phosphorelay (Sln1-Ypd1) (Xu and West, 1999; Song et al., 1999; Porter et al., 2003; Xu et al., 2003) (Figure 1C ). We showed that increasing both k on and k off , but keeping K d (= k off /k on ) similar, caused significant basal changes in Hog1 activation and gene expression of some genes that normally are induced upon osmostress. This constant basal activation also includes genes (many metabolic) that are normally not induced by osmostress to compensate. Thus, changes in the upstream Sln1-Ypd1 osmosensor dynamics lead to compelling changes in signaling and output responses, and suggest that detailed kinetic constants are important in signaling pathways with no or weak negative feedback.
RESULTS
Predicted Signaling Output Landscape of Kinetic Perturbations in the Phosphorelay Using a Mathematical Network Model
To computationally explore the role of kinetic perturbations in the Sln1-Ypd1 complex on pathway information transmission, we used a modified version of a previously established stochastic model of the Sln1-Ypd1-Ssk1 phosphorelay (Uschner and Klipp, 2014) . The model follows a structure as reported by JaniakSpens et al. (2005) and focuses on the stochastic formation of complexes between components of the phosphorelay and on the basal signaling without osmostress ( Figure 1D ; Table S1 ). The advantage of a simple model is that kinetic and quantitative mathematical analyses can be done without the need for extensive parameter estimation. Further, including additional mechanistic evidences such as dimerization of some components (Tao et al., 2002; Horie et al., 2008) would not qualitatively change the predictions.
The model output is active (non-phosphorylated) Ssk1. Regardless of simplicity, the model reflects the experimental behavior at steady-state without (Ssk1 phosphorylated and inactive) and with osmostress (Ssk1 non-phosphorylated and active). We observed a strong dependency of the steady-state basal signaling on the Sln1-Ypd1 K d ( Figure 1E) . Interestingly, the effect of changing k2 on (and k2 off accordingly; note that through the manuscript we refer to k2 on as k on and k2 off as k off ), at a constant K d , on the signaling output was dependent on the magnitude of K d . At high K d values, higher k on and k off rate constants resulted in basal signaling (with the pathway being active even in non-stressed settings). This is due to a stronger Sln1-Ypd1 complex dissociation when k on is fixed. At lower values of K d , a much more diverse signaling output landscape was predicted. We observed a significant increase in basal activity of the pathway when k on and k off were increased in a compensating fashion (K d constant). Once a certain threshold is reached, basal signaling declines again. The results of the model imply that in ranges with both k on and k off being low, Ypd1 can sufficiently bind to Ssk1 with slow changes in complex formation, and thus effectively counter its dephosphorylation, keeping a low basal signaling level. Medium-high association rates deplete the Ypd1-P pool in a fast manner, and thus increase basal signaling. Tuning both k on and k off back to higher regimens enables efficient recycling of the Ypd1-P pool, explaining the regained decline in basal signaling. Thus, the effect of changing both k on and k off could be both qualitatively and quantitatively different.
Structure-Based Design and In Vitro Analysis of Sln1-Ypd1 Mutant Pairs with Changes in Kinetic Properties
To test the modeling results (parameter variabilities in k2 on and k2 off ) and design mutations with compensating increases in both k on and k off , yet similar affinities (K d ) (K d = k off /k on ), we made use of the principles of electrostatic steering (Selzer et al., 2000; Kiel et al., 2004) . By introducing charged residues in the vicinity of the binding interface that increase the electrostatic complementarity, the encounter complex and ultimately the association rate constant of two binding proteins can be increased ( Figure 2A) . We designed the mutants based on the 2R25 PDB file of the complex of the Sln1 response regulator domain with Ypd1 (Zhao et al., 2008) , using FoldX 3.0 (http:// foldxsuite.crg.eu/) (Guerois et al., 2002; Schymkowitz et al., 2005) . The final selected mutation pairs (here referred to as Mut 1, Mut 2, and Mut 3) each contain a combination of mutation interface hotspot residues (Ile13 and Met20 in Ypd1), together with mutations at the edge that optimize the electrostatic surface complementarity ( Figures 2B-2D ). All designed FoldX interaction energies (DDGint values) for the three mutant pairs are similar to the wild-type (WT) complex, within the FoldX error of 0.8 kcal/ mol ( Figure 2E ). Despite similar DDGint values (as engineered), the predicted hydrophobic solvation contribution decreased significantly for Mut 1 and Mut 2, and slightly less for Mut 3 (Figure 2F) , whereas the electrostatic and k on contribution increased strongly for Mut 1 and Mut 2, but only moderately for Mut 3 (Figure 2G) . Thus, because DDGint values (DG = RTlnK d ) are all engineered to be the same, the k off rates are expected to increase by a similar magnitude as the k on rate constants (K d = k off /k on ).
WT and mutant versions of Sln1 and Ypd1 proteins were expressed in bacteria and purified to further investigate the binding properties of the designed mutations. Full-length Ypd1 was expressed and purified through an N-terminal His tag (Figures S1A and S1B). Microscale thermophoresis (MST) (Wienken et al., 2010) was used to measure the affinities between WT and designed Sln1-Ypd1 mutant pairs (Figures 3A-3E ; Figures S1C-S1E; Table S2 ). At physiological ionic strength (150 mM NaCl), the Mut 1, 2, and 3 complexes displayed similar affinities as the WT complex in the lower micromolar range (within a 1.5-to 3-fold change compared with WT) ( Figure S1E ). As expected from the introduced electrostatic interactions, the affinities for Mut 1, Mut 2, and Mut 3 pairs in general decrease with increasing salt concentration ( Figures 3C and 3D ). In contrast, the WT complex is much less affected, as expected for a complex that is mainly stabilized by hydrophobic interactions. As a control, measuring the complexes in buffer containing sorbitol does not change the affinities ( Figure 3E ). These results confirm that the designed mutant pairs increase the electrostatic surface complementarity and thereby k on . To directly measure association rate constants, we performed surface plasmon resonance (SPR) measurements for WT and all mutant pairs. Indeed, the Mut 1 and Mut 2 complexes have a 2-to 3-fold increase in Table S2 ). The k on for Mut 3, designed to be only moderately increased, is similar compared with WT (within the measurement error). Because the binding of Ssk1 to Ypd1 is predicted to involve the same binding surface of Ypd1 as is used by Sln1 , we independently measured the affinity of the Ypd1 mutants that are needed to form mutant pairs Mut 1, Mut 2, and Mut 3, in complex with Ssk1 using MST ( Figures S2A-S2H ). The affinities are in the upper micromolar range, and mutants are found to have minor effects on binding (within a 1.0-to 5-fold change compared with WT), which may impact the Ssk1 output ( Figures S2I-S2K ). Importantly, addition of salt affects WT and mutant complexes in a similar way, suggesting that the introduced mutations do not increase the electrostatic surface complementarity ( Figure S2H ).
Mutants with Both Higher k on and k off Have Higher Levels of HOG Pathway Activation
To assess the relevance of the interaction dynamics of the Sln1 sensor in vivo, we integrated mutations in SLN1 and YPD1 (see earlier) into endogenous genomic loci. To assess signaling from the Sln1 osmosensor exclusively without interferences from the second osmosensing branch, we integrated mutations into a strain with an impaired Sho1 branch (sho1D). YPD1 WT (sho1D) and all mutants grew comparably well on YPD liquid medium ( Figure 4A ), and differences only became apparent in the presence of osmostress. More specifically, the mutant with intermediate increases in both k on and k off (Mut 3) and the WT strain grew equally well at all NaCl concentrations, whereas the mutants with high increases in both k on and k off (Mut 1 and Mut 2) were slightly more sensitive to medium osmolarities (0.4 and 0.8 M NaCl, respectively). Remarkably, at very high levels of osmostress the picture was reversed, with Mut 1 and Mut 2 growing better than the WT ( Figure 4A ; Figures S3A-S3C ).
Growth retardation during osmostress observed in the Mut 1 and Mut 2 pairs could be a consequence of an altered osmoadaptation process. To test this hypothesis, we measured phosphorylated Hog1 levels ( Figure 4B ; Figure S3D ). Mut 1 and Mut 2 strains showed lower levels of Hog1 activation during osmostress ( Figure 4B ). These two strains, on the other hand, had Fold change in affinities at increased ionic strength (C: 300 mM NaCl; D: 500 mM NaCl) compared with standard buffer. The significance values were calculated using a t test. Mut 3 could not be measured at 500 mM NaCl because the proteins aggregated at higher concentration in buffer containing high salt.
(E) Fold change in affinities for microscale thermophoresis (MST) measurements for Sln1-Ypd1 WT and mutant pair interactions with 100 mM sorbitol in the buffer.
The significance values were calculated using a t test.
(F and G) Surface plasmon resonance (SPR) sensorgram for the Sln1-Ypd1 WT (F) and Mut 2 (G) interaction.
(H) Association rate constants comparing WT with all mutants. The significance values were calculated using a t test. n.s., not significant. See also Figures S1 and S2 and Table S2. increased Hog1-phosphorylation steady-state levels prior to the addition of NaCl ( Figure 4B , inset). Lower maximal Hog1 response in Mut 1 and Mut 2 could therefore be a consequence of pre-adaptation to increased external osmotic conditions rather than diminished ability to activate Hog1. In Mut 3, Hog1-phosphorylation levels were comparable with those of the WT strain.
To analyze whether the Sho1 branch can alter the observed Hog1 phosphorylation kinetics, we reconstituted Sho1 back into the WT, Mut 1, Mut 2, and Mut 3 strains. The osmostress-induced Hog1 activation was found to be similar and irrespective of the presence or absence of Sho1 ( Figure S4 ). This supports earlier observations that the Sln1 branch is more sensitive at low osmolarities and suggests that, at least in these osmostress conditions, the Sho1 branch is unable to compensate the consequential effect of the Sln1-Ypd1 kinetic mutants. (Pelet et al., 2011) . Fluorescence intensity is thus proportional to levels of the Hog1-induced gene expression. We found that Mut 1 and Mut 2 exhibit, in agreement with Hog1-phosphorylation data, higher expression of the fluorescent protein even in the absence of osmostress ( Figure 5A ). Furthermore, higher fluorescence intensity compared with the WT was retained throughout the range of osmostresses tested. It is important to note that, in contrast with WT or Mut 3, Mut 1 and Mut 2 strains did not exhibit bimodal expression (Pelet et al., 2011) at any of the NaCl concentrations tested ( Figure 5B ), suggesting that activation of the HOG pathway in these mutants is higher than WT and enough to induce activation of Hog1-regulated genes, even in the absence of external osmostress. Conversely, Mut 3 showed a fluorescence intensity more similar to the WT, both in steady-state and at the highest level of osmotic stress tested (0.4 M NaCl). At lower osmotic stress levels (0.1-0.2 M), on the other hand, fluorescence intensities of Mut 3 were slightly higher than those of the WT, and the mutant showed a transition to fully activated transcriptional state ''at lower NaCl concentrations'' than WT ( Figures 5A and 5B) . Thus, although small changes in interaction dynamics do not seem to alter signal transduction, cells with higher increases in both k on and k off clearly show induced signal transduction in the absence of an input signal. Increased environmental osmolarity results in rapid loss of water from a cell, which consequently leads to rapid cell shrinking that is damaging to cell functions. Loss of cell volume directly causes molecular crowding, and this has a detrimental effect on cellular processes, including signaling itself (Miermont et al., 2013; Babazadeh et al., 2013) . Orchestrating rapid cell volume recovery through glycerol retention and production is therefore the principal function of the HOG pathway (Dihazi et al., 2004; Mettetal et al., 2008; Westfall et al., 2008) . We therefore characterized glycerol content, volume recovery, and gene expression in all mutants (see summary in Table 1 ). Measurements of the mutant's glycerol content showed that Mut 1 and Mut 2 had higher glycerol concentrations in steady-state conditions when compared with WT and Mut 3 ( Figure 5C ). Higher Mut 1 and Mut 2 glycerol concentrations persisted throughout the initial stages of adaptation after being exposed to osmotic shock; however, within 60 min all strains had reached a similar glycerol concentration. The cell volume recovery after osmostress followed a similar pattern to glycerol accumulation. Notably, Mut 1 and Mut 2 had slightly larger cell volumes (59 and 60 femtoliter (fl), respectively, compared with 54 fl for WT and 57 fl for Mut 3) and experienced a smaller drop in cell volume compared with the WT strain ( Figure 5D ). Taken together, gene expression, glycerol concentration, and cell volume data suggest that alteration of the interaction dynamics in Mut 1 and Mut 2 leads to cells that are pre-adapted to high osmotic conditions and display lower HOG pathway activation after exposure to osmostress.
Basal Osmostress Hog1 Activation Is Accompanied with Basal Gene Expression of a Subset of OsmostressResponsive Genes
To see whether a change in signaling dynamics affected osmostress-induced gene expression, we employed RNA sequencing (Table S3 ). In the WT strain, 425 genes were highly significantly upregulated (>2 log.2 [4-fold] differences; p < 0.05) and 346 genes were downregulated (<À2 log2 [4-fold] differences; p < 0.05) at 10 or 20 min after stimulation with 0.4 M NaCl ( Figure 6A ) (here called ''osmostress-responsive genes''). The typically observed osmostress-responsive genes (STL1, GRE2, GPD1, HSP12, ALD3, HXT5, FMP45, and MPC3) (Nadal-Ribelles et al., 2012 were all found among the top 25 genes having the highest activation profile, and a good overlap was observed with both the activated and the repressed genes of a previous study ( Figure S5A ) (Nadal-Ribelles et al., 2012). Thirty-eight percent of the 425 osmostress-responsive genes with functional annotations (http://www.yeastgenome.org/) are involved in metabolism (e.g., carbohydrate, oxidative stress, lipid, amino acid, ATPases/ion transporters) ( Figure S5B ). The remaining approximately equally distribute to categories such as general signaling, trafficking, cell cycle, heat shock proteins, translation, and transcription ( Figure S5B) . Globally comparing the change in gene expression between the WT and Mut strains showed that the majority of differences occur for the osmostress responsive Basally expressed genes that also were induced in the WT strain after osmostress were named ''basally expressed osmostress-responsive genes'' and those that were not among the osmostress-responsive genes in the WT strain were called ''basally expressed non-osmostress-responsive genes.'' (G) Functional analysis of 37 highly significant basally expressed genes in the Mut 1 and Mut 2 strains. See also Figures S5-S7 and Table S3 .
( Figures S5C and S6 ). Only $2% of the genes that were classified as unchanged in the WT strains (here called ''non-osmostress-responsive genes'') are up-or downregulated in the mutant strains ( Figures S5C and S6 ). This suggests quantitative rather than qualitative changes in gene expression profiles of the mutant strains. Interestingly, many of the osmostress-responsive genes have a smaller activation response in the Mut 1 and Mut 2 strains (Figure 6A; Figures S5C and S6 ). This smaller transcriptional activation response is due to basal gene expression activation in Mut 1 and Mut 2 strains and similar (e.g., HSP12 and GRE2) or lower (e.g., GPD1 and MCP3) maximum response (Figures 6B-6E ; Figure S7 ; Table S3 ). This suggests that even with a basal Hog1-phosphorylation level ($10%-20% of the maximum Hog-1 activation at osmostress), a threshold is reached to induce gene expression of a subset of osmostress-responsive genes. In total, 37 genes have a highly significant basal gene expression level in Mut 1 and Mut 2 strains (>2 log.2 [4-fold] differences; p < 0.05) ( Figure 6F) . Most of these genes show a highly significant (46%; >2 log.2 [4-fold] differences; p < 0.05) or significant (16%; >1 log.2 [2-fold] differences; p < 0.05) change in activation upon osmostress in the WT strain. Thus, 62% of the basally expressed genes in the mutant strains belong to the osmostress-responsive genes. Of note, the remaining 38% of the genes are non-osmostress-responsive genes ( Figure 6F; Figure S7A) . Taking a closer look at the functional classes of the basally expressed genes, we found a higher fraction of metabolic genes, which is highly significant when considering all basally expressed genes ( Figure 6G ; Figures S7B-S7E ). We also reasoned that if promotors have a more open chromatin structure, they should be induced faster in response to stress. Indeed, among the genes that have basal expression on the Mut 1 and Mut 2 strain, 82 genes belong to stress-responsive genes. In a WT strain, 22 genes of these 82 display a faster expression (high expression at 10 min, NaCl), whereas 60 genes display slower expression (higher expression at 20 min, NaCl). In contrast, when we analyzed expression of these 82 genes in the mutants upon stress, a significant number of genes (27 genes) change their pattern of expression. Remarkably, 81% of them shifted from slow expression to fast expression genes, which suggests a lower threshold for gene induction caused by the increase on basal signaling.
In summary, the RNA sequencing results suggest that differential adaptation to osmostress for the Mut 1 and Mut 2 strains could be because of both qualitative and quantitative dynamic changes in gene expression of osmostress-responsive genes. Additionally, it validates the viability and phosphorylation analysis described in the previous sections.
DISCUSSION
Yeast cells rapidly respond to osmostress through activation of the Hog1 kinase. Because Hog1 affects a variety of critical cellular processes, such as cell cycle, metabolic flux, and gene expression (Saito and Posas, 2012) , a tight control of its activity is imperative. Here, we studied whether changes in the interaction dynamics of the well-known Sln1 osmosensor are important for proper sensing and signal transduction to environmental changes. We have constructed two Sln1-Ypd1 mutant pairs (Mut 1 and Mut 2) that displayed significantly increased rates of Sln1-Ypd1 complex formation and dissociation, while retaining similar equilibrium binding constants to WT. We found that the intermediate Mut 3 is phenotypically similar to WT in almost all aspects tested. This is in agreement with previous computational models of the pathway showing that the phosphorelay of the SLN1 branch is relatively insensitive to small changes in the rate of phosphotransfer or changes in protein abundances (e.g., Krantz et al., 2009; Dexter et al., 2015) . However, mutations that lead to a larger increase in both k on and k off (Mut 1 and 2) led to an increase in Hog1-P activation in steady-state environmental conditions indicating that the interaction dynamics are important to set the sensitivity of the osmosensor. In vitro affinity results cannot fully exclude that Ypd1 mutations have a minor impact on Ssk1 binding and HOG output in vivo ( Figure S2 ). However, the Ypd1-Ssk1 affinity trend and the simulated trend on the HOG output are different from the observed hyperactivity for the Sln1-Ypd1 mutant complexes, suggesting that the dominant cause of HOG pathway hyperactivity is resulting from the k2 on and k2 off increases in Mut 1 and Mut 2.
Mut 1 and 2 displayed an increase in Hog1 activation in steady-state conditions, higher glycerol levels, and high expression of Hog1-dependent gene expression (STL1-quadruple Venus). Indeed, our computational HOG1 network model predicted that for K d values between 10 À7 M (100 nM) and 10 À6 M
(1,000 nM), higher increases in both k on and k off could lead to basal signaling. This corresponds well to in vitro experimental affinities for the Sln1-Ypd1 WT and mutant complexes, which are in the order of 200-600 nM. Considering the levels of glycerol and Hog1-dependent transcription, it seems that Mut 1 and Mut 2 are pre-adapted to osmotic conditions. It is therefore surprising that these two mutants grow (slightly) slower than the WT strain in the presence of mild stress, whereas they respond even better than the WT strain in higher stress conditions. One explanation for reduced growth in response to mild stress might be the cost of pre-adaptation; adaptation to a higher osmotic environment requires metabolic adjustment toward production of glycerol and transient expression of stress-response genes (Hohmann et al., 2007; Petelenz-Kurdziel et al., 2013) . Such response reduces metabolic energy available for growth, interferes with expression of many housekeeping genes, and could consequently slow growth of Mut 1 and Mut 2 strains more than it helps to abate the effects of osmotic stress. In contrast, pre-adaptation seems to have the advantage to shape cells for maximizing cellular growth at high osmolarity. For instance, Mut 1 and 2 clearly grow better in 1.4 M NaCl than WT. Thus, at the highest osmotic stress levels, this cost offsets with adaptation to new conditions. Osmostress in yeast is accompanied with extensive gene expression changes (Nadal-Ribelles et al., 2012 . Here, we found that changing the signaling dynamics alters many of the genes that normally are induced upon osmostress in the WT strain. Such genes show a basal increased transcription in Mut 1 and Mut 2 strains without osmostress, which is consistent with basal Hog1 phosphorylation (10%-20% of the maximum Hog1 phosphorylation). Because not all genes are already expressed at basal level, it suggests that there are different thresholds of Hog1 phosphorylation and that some genes may require the maximum Hog1 activation in order to be regulated. Indeed, Mut 3 despite only slightly higher increases in both k on and k off has already few genes expressed at basal level (and shows minor bimodality of the Hog1 fluorescence reporter without osmostress). It is clear that the speed and duration of gene expression responses are important for better survival after osmostress. Stress-responsive genes require strong chromatin remodeling (Nadal-Ribelles et al., 2015) , and variations in the chromatin state allow the level of signal required for gene expression (Nadal-Ribelles et al., 2012; Pelet et al., 2011) . Thus, it is likely that basal signaling affects differently to distinct sets of promoters. Remarkably, metabolic genes seem to be more sensitive to signaling alterations, featuring the interconnection among stress response, metabolism, and growth (Brauer et al., 2008; Boer et al., 2010) . It has been reported that slow-growing strains share a gene expression pattern that is highly similar to the environmental stress response (ESR) signature, a response common to diverse environmental perturbations (O'Duibhir et al., 2014) . However, comparing the ESR-defined genes (Gasch et al., 2000) with the genes basally expressed in Mut 1 and Mut 2, we found little overlap (approximately 20% of the genes; Figure S7F ). This points out that the basal changes observed in metabolic genes are specific to the basal induction of the HOG pathway rather than a general defect due to displaying slower cell growth. Usually, for proper osmoadaptive responses, many genes need to be expressed in a concerted simultaneous fashion. For our Mut 1 and Mut 2 strains, some, but not all, genes are already upregulated at basal level. This probably suggests a loss of coordination, which affects proper osmostress responses and survival after stress conditions. Overall, the changes in kinetic rate constants of the Sln1-Ypd1 complex are translated into quantitative and temporal genes expression profile changes. Thus, alterations in temporal profiles can cause phenotypic changes, affecting survival and fitness. This reemphasizes the important role of considering quantitative and dynamic gene expression changes in understanding condition-specific signaling responses.
What could be the possible mechanism explaining the experimentally observed effect of mutants with increases in both k on and k off of the Sln1-Ypd1 complex for Ssk1 activation? One possibility is, assuming unphosphorylated Sln1 can also bind Ypd1, that faster rate constants of both k on and k off will prevent autophosphorylation of Sln1 as this works in trans and requires two Sln1 molecules to associate with each other. A further possibility could be that phosphatases at the level of Ssk1 play a role, and under conditions of faster association and dissociation rate constants (but similar K d ) can already access under non-osmotic conditions causing Ssk1 to be non-phosphorylated and active. In this respect, the proposed, very slow complex dissociation (in the order of hours) between unphosphorylated Ypd1 and phosphorylated Ssk1 that has been demonstrated in vitro (Janiak-Spens et al., 2000; Kaserer et al., 2009; Fassler and West, 2010) needs to be reconsidered for its in vivo function. In principle, in a network structure with a slow dissociating complex that only dissociates after osmostress induction because of an increased osmolyte concentration, changes in the upstream Sln1-Ypd1 complex should not play a role. Finally, also molecular crowding may play a role for the sensing mechanism. Crowding has been shown to enhance the assembly of complexes, in particular those with multiple subunits (Phillip and Schreiber, 2013; Miermont et al., 2013) . However, depending on the type of crowding agent or the interface formed (e.g., hydrophobic versus electrostatic), the association is differently enhanced. Thus, upon Sln1 activation by membrane turgor, molecular crowding induced by the shrinking of the cell after osmostress may alter signaling dynamics and differently affect the assembly and phosphorelay in WT compared with Sln1-Ypd1 mutant complexes.
Taken together, our data show that interaction dynamics play a key role in sensing environmental perturbations. The observation that modification of interaction dynamics alters signal transduction suggests that the directed design of specific mutations might serve to alter signaling properties in a predicted manner.
EXPERIMENTAL PROCEDURES Bacterial Protein Expression and Purification
Gene fragments encoding YPD1 (full-length) and SLN1 (residues 1,084-1,220) constructs were cloned into pET28b (Novagen) and pETM44 (D€ ummler et al., 2005) vectors. Site-directed mutagenesis was used to generate the various YPD1 and SLN1 mutants. WT and mutant proteins were overexpressed in the Escherichia coli BL21(DE3) strain. The soluble fractions of E. coli lysates were purified by standard Ni 2+ -NTA Sepharose and size exclusion chromatography techniques (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 5% glycerol, 1 mM DTT), concentrated by ultrafiltration, flash-frozen in liquid nitrogen, and stored at À80 C. The receiver domain of SSK1 (residues 475-712) was purified following the protocol described by Posas et al. (1996) . Protein concentration was determined using a NanoDrop (Thermo Scientific), and subsequently purified proteins were flash-frozen in liquid nitrogen and stored at À80 C.
Damage could occur during the freezing process or as a result of thawing. So prior to any measurement, individual aliquots of purified protein were thawed and centrifuged, and protein concentration of the resulting supernatant was measured.
Measurement of the In Vitro Affinities Using Microscale Thermophoresis
The affinity constants for Sln1-Ypd1 and Ssk1-Ypd1 complexes were measured using the MST method (Jerabek-Willemsen et al., 2011) with the instrument Monolith NT.115 from Nanotemper Technologies. To measure affinities between Sln1-Ypd1 complexes, we used hydrophilic-treated capillaries, and MST premium capillaries were used for Ssk1-Ypd1 complexes (see Supplemental Experimental Procedures).
Measurement of the In Vitro Kinetic Constants by Surface Plasmon Resonance
The assays were carried out at 20 C in 1X HBS-P + buffer (GE Healthcare).
A total of 800 resonance units (RU) of the different recombinant Sln1 proteins were captured on the surface of CM5 sensor chips by amine coupling using a Biacore T100 instrument (GE Healthcare). Ypd1 WT and mutants were then injected over the coated surface for 2 min at a flow rate of 40 mL/min. The surface was then regenerated with a 1 min incubation with 10 mM glycine (pH 1.5). The SPR data were fitted to the heterogeneous ligand binding model.
Generation of Ypd1 and Sln1 WT and Mutant Strains
Yeast strains carrying mutations were generated using homologous recombination using standard methods for yeast genome manipulations (see Supplemental Experimental Procedures).
Yeast Strains
Strains used in this study were created from the parent W303-1a Table S4 .
Growth Measurements and Spot Assay
For liquid assays, overnight cultures were diluted to 0.1 OD 600 and grown to early-log phase. Strains were inoculated into a final volume of 200 mL of YPD without and with NaCl at the indicated concentrations in 96-well plates (initial OD = 0.05). Specific wells were inoculated with medium only for background correction purposes. Cells were grown at 30 C in a thermostated microplate reader (Synergy H1 Multi-Mode Reader; BioTek) with double orbital shaking, and optical density (OD) was measured at 660 nm every 30 min for 24-48 hr. Growth constant rate and lag times at 1.4 M NaCl were quantified using GrowthRates 2.1 software (Hall et al., 2014) . Doubling time was calculated from the experimentally measured growth rate at exponential growth. For spot assays, log-phase cells were diluted in a 1:2 dilution series, spotted on appropriate plates, and incubated at 30 C over 3 days.
Hog1 Phosphorylation Assays
Cells were grown in synthetic complete media (SC) to mid-log phase, and 5 M NaCl was added to the culture to a final concentration of 0.4 or 1.2 M. At each time point, a 1 mL sample was taken and mixed with trichloroacetic acid (Sigma) to a final concentration of 20% and incubated at room temperature for 5 min. Proteins from washed samples were extracted using the glass beads method in Fast Prep-24 (MP Biomedicals). Proteins were resolved on SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membrane. Hog1 was labeled by specific antibodies (for total Hog1: Santa Cruz yC-20; for phospho-Hog1 [phospho-p38]: Cell Signaling 3D7) and detected by immunoblotting with enhanced chemiluminescence (ECL) reagent (Amersham). Intensity of bands was analyzed with ImageJ, and values were normalized to the value obtained for WT at 5 min.
Flow Cytometry
Saturated overnight cultures were diluted and left to divide three times (to below 0.4 OD 600 ) in SC. Gene expression was induced by the addition of 5 M NaCl to indicated final concentrations. Protein expression proceeded for 45 min, when cycloheximide was added (1 mg/mL). Samples were left at 30 C for another 45 min to allow for Venus folding. Cells were briefly sonicated and fluorescence was measured by flow cytometry (FACSCalibur; BD Biosciences). Data were analyzed with FlowJo software.
Cell Volume
Cultures were grown in rich medium to mid-log phase, exposed to osmotic stress, and sampled at 0 (before stress), 1, 5, 10, 20, and 60 min time points. Samples were fixed in 3.7% formaldehyde for 5 min and washed with PBS. Cell volumes were measured in Z2 Cell and Particle Counter (Beckman Coulter), and the median cell volume of each sample was used for further analysis.
Glycerol Levels
Mid-log cultures growing in rich medium were exposed to 0.4 M NaCl and sampled before and after osmotic shock. Cells were collected at 6,000 rpm for 1 min and immediately frozen with liquid nitrogen. Frozen cells were resuspended in 4 C assay buffer and boiled for 5 min. Samples were then pelleted and the supernatant used in colorimetric analysis (glycerol assay; ScienCell) in a 96-well plate according to the manufacturer's instructions. Absorption at 540 nm was measured in the Synergy H1 reader (BioTek). To measure the protein content of samples, we added glass beads to the above samples, and cells were broken with the Fast Prep-24. Samples were boiled for 10 min, and cell debris pelleted. Supernatant was used in Bradford assay (Bio-Rad) as instructed by the manufacturer.
Gene Expression Analysis Using RNA Sequencing WT, Mut 1, Mut 2, and Mut 3 strains were sampled at 0, 10, and 20 min after stimulation with 0.4 M NaCl as described before. RNA was isolated using the miRNeasy Mini Kit (QIAGEN) following the manufacturer's protocol, including the optional DNase digestion step. Libraries were prepared using the TruSeq Stranded mRNA Sample Prep Kit v2 (ref. RS-122-2101/2) according to the manufacturer's protocol. Libraries were sequenced with the Illumina HiSeq2500 sequencing platform with single reads of 50 bp (see Supplemental Experimental Procedures).
Statistical Analysis
Data are reported as mean ± SEM. Statistical significance was assessed using a Student's t test for equality of means, two-tailed and equal variance not assumed. A p value of p % 0.05 was considered significant. *p < 0.05, **p < 0.01, and ***p < 0.001.
ACCESSION NUMBERS
The accession number for the RNA sequencing data reported in this paper is GEO: GSE94495 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc= GSE94495).
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